malfunction is largely unavoidable, there might be other preventable events that are overlooked.
In this study we first describe various clinical events that occurred after a shunt insertion or revision in a single institution. We then analyze clinical and demographic factors associated with different clinical end points. A brief discussion on preventability then follows.
Methods

Study Population and Data Fields Used
This study included 1755 CSF shunt revision and insertion surgeries that were performed at a single institution between May 1, 2009 , and April 30, 2013, by boardcertified and board-eligible pediatric neurosurgeons and fellows. Demographic, socioeconomic, and clinical characteristics were prospectively collected in the administrative, business, and operating room databases, including EPIC ASAP (emergency department application), OpTime (surgical application), EpicCare Inpatient (universal hospital system), EpicCare Ambulatory (outpatient medical record application), and ADT (inpatient and outpatient admission-discharge-transfer application). Data from the individual database were then merged into a single operational database on an Oracle platform (Oracle 11g). Sequential hospital system visits within 30 days of discharge were then queried and imported into a Microsoft Excel file for further analysis.
Demographic data fields that were collected at the time of index shunt surgery included age, primary language, race/ethnicity, zip code, and primary payer status (public assistance, self pay vs private insurance). Two data fields were derived from the zip code in conjunction with US population census data from 2010: 1) average income; and 2) whether the zip code belonged to the Atlanta metropolitan area.
Data fields that were related to the index shunt surgeries and all surgeries during readmissions included surgeon identity, length of hospital stay (LOS), procedure length, starting time of the procedure, admission source (elective admission vs admission from the Emergency Department [ED]), current procedural terminology (CPT) code and surgeon-dictated procedure comments (a short description entered by operating room circulating nurses), and operative reports. If surgery began after 3 p.m. but before 7 a.m., it was labeled as an "after-hour" surgery. Admissions to pediatric and neonatal ICUs were also captured.
Distinctions were made among ventriculoatrial shunts, subdural/cyst shunts, lumboperitoneal shunts, and shunt pro cedures that were preceded by shunt externalization or external ventricular drain insertions. Hospital stays that were ≥ 3 days and patients with myelomeningocele were categorized. A categorical variable was defined for surgeries in which length was > 1 SD above the average.
Statistical Methods
Statistical analysis was performed with IBM SPSS Statistics version 20. The associations between dichotomous variables were analyzed with the Fisher exact test. Binary logistic regression analysis was used to assess whether significant risk factors identified from univariate analysis independently contributed to the increased hazard of dependent variables. The LOS (in days) and procedure length (in minutes) were analyzed as continuous variables in the regression model but also presented as a categorical variable for clarity. Tolerance statistics < 0.20 were considered to reflect colinearity. A 2-tailed p value < 0.05 was considered statistically significant.
Results
Determination of Study Cohort and Patient Characteristics
Shunt surgeries were defined based on CPT codes (62190 to 62258, excluding 62200 and 62201). Additional procedures and details of the procedure were identified from surgeon-dictated procedure comments and operative reports. There were 1850 shunt surgeries in the 4-year period. Patients who were discharged to other hospital systems were excluded. For example, neonates who underwent shunt insertion followed by transfer to the original hospital were excluded. A total of 95 surgeries were excluded; this left 1755 in the study cohort. Descriptive statistics of the patient cohort and the surgeries are provided in Table 1 .
Sources of Readmissions Within 30 Days of Discharge
A summary of readmission sources and events occurring after the readmission is shown in Fig. 1 . The "allcause" readmission rate within 30 days of index ventricular shunt surgery was 16.5% (290 of 1755). Within 30 days of discharge, there were 375 ED visits that resulted in 216 readmissions. A considerable number of patients were discharged home from the ED (n = 159, 42%). Twenty-three readmissions were transfers from other hospitals. The most common scenario was a patient who lived far away who went to the local ED for evaluation. He or she was then transferred to our hospital for further care if shunt malfunction was suspected. There were 5 planned readmissions for neurosurgical procedures (suture removal, cranial encephalocele closure, Chiari decompression, vagal nerve stimulator placement, and cranioplasty). There were 35 planned and unplanned readmissions by other (nonneurosurgical) services for both surgical (n = 19) and nonsurgical procedures (for example, video EEG).
There were 1482 postoperative neurosurgery clinic visits, but only 1158 occurred within 30 days after discharge. Seventy-eight patients did not have any clinic visits after surgery. There were 11 direct admissions from the neurosurgical outpatient clinic when a problem was identified.
Events After Readmission
For 184 readmissions there was an association with one or more operations during the hospitalization (Fig.  1) . Shunt revision, shunt infection, and wound revision accounted for 157 of the 184 operations. Therefore, the overall shunt revision rate within the first 30 days was 8.9% (157 of 1755). In the 106 admissions that were not associated with an operation, Neurosurgery was the primary admission and/or discharge service in 59 encoun-ters. Headache, nausea, and vomiting were the most common admission complaints. Thus, admissions related to index shunt surgery accounted for 74.5% of readmissions (216 of 290).
In the category of nonneurosurgery admissions (n = 66), 47 were nonsurgical. The most common admission services for nonsurgical patients were Hematology/ Oncology (n = 14), Pediatrics (n = 12), Neurology (n = 8), and Gastroenterology (n = 5).
Risk Factors Associated With Patient Subgroups
Multivariate analysis was used to identify clinical and demographic factors that were predictive of clinical events following shunt surgeries. Two clinical events were analyzed as dependent variables: 1) return to ED; and 2) shunt reoperation. Both of these clinical events overlap to a certain extent (some of the patients who returned to the operating room would have been readmitted from the ED), but the former would have included patients who were discharged from the ED as well as patients who were admitted but did not undergo any surgical procedures. Results from univariate and multivariate analyses are presented in Tables 2-4 .
Significant risk factors identified from univariate analysis ( Table 2) were used to construct multivariate analysis models. Surgeon identity was tested using contingency tables and did not significantly correlate with shunt revision or readmission rates. Using return to ED as a dependent variable (n = 375), multivariate logistic regression identified Atlanta zip codes and Medicaid payee status to be statistically significant risk factors (OR 1.39, p = 0.008; and OR 1.31, p = 0.037, respectively). Eightyseven of the 375 return to ED visits were made by patients with both of these risk factors.
Using shunt reoperation as a dependent variable (n = 157), multivariate logistic regression found that afterhour surgery was a statistically significant risk factor (p = 0.044, OR 1.45) whereas subdural and cystoperitoneal shunts were associated with a protective effect from reoperation (p = 0.035, OR 0.28).
Discussion
Rationale of the Study
This is a descriptive study of clinical events occurring within 30 days of discharge after shunt surgery. It determines the proportion of readmissions that are relevant to the neurosurgical service, the overestimation of which would exaggerate the cost of readmissions. 2, 14 Also, it helps to determine other opportunities to improve patient care. Although lowering shunt revision rates is undoubtedly desirable, it can be questioned whether shunt revision rates can be further decreased without significant technological advances. In an era when hospitals and physicians are under increasing pressure to propose strategies to improve patient care, physicians should be at the forefront of these efforts to ensure the feasibility of such quality improvement initiatives.
Comparing Results of This Study to Others
In this study, the all-cause readmission rate within 30 days of index shunt surgery was 16.5%. Rates of shunt reoperations (n = 157) and all-neurosurgery reoperations (n = 165) were 8.9% and 9.4%, respectively. Readmissions that were deemed to be related to the index surgery (neurosurgical shunt procedures and nonoperative neurosurgical admissions) accounted for 74.5% of all readmissions.
The National Association of Children's Hospitals and Related Institutions (NACHRI) data set consisted of data contributed to by 72 acute-care children's hospitals from 34 states. An important feature of the NACHRI database is that it uses the "All Patient, Severity-Adjusted Diagnosis-Related Group" (APS-DRG) to classify patients into disease groups. In a NACHRI study, 3 in the 30-day period after 3475 ventricular shunt procedures, there were 675 all-cause readmissions (18.1%) and 262 ventricular shunt procedures (reoperation rate 262 of 3475 [7.5%]). Interestingly, there were also 89 craniotomies in this 30-day period. The high number of craniotomies within 30 days of shunt surgery arouses suspicion that some of the The second row of boxes record events that occurred in the 30-day period after discharge. There were 159 index admissions, after which the patient did not come into the system at all within 30 days (some of them had clinic visits > 30 days after discharge, and some of them failed to follow up at all). NSGY = neurosurgery; OR = operating room; plan/unplan = planned/unplanned; VP = ventriculoperitoneal.
shunt revisions may have been coded as craniotomies. When this category is included, the all-neurosurgery reoperation rate was 10.1% ([89 + 262]/3475). Last, when an index admission was categorized under ventricular shunt procedure, 72.4% of readmissions shared the same index diagnosis and were presumably related to readmission. Overall, despite differences in data processing and definitions, NACHRI and our study yielded similar results.
In the most recently published report from the Pediatric National Surgical Quality Improvement Program (Pediatric NSQIP), 13 the morbidity rate after neurosurgical procedures, including readmissions and reoperations, was 18%. Surgical site infection was reported to be 6.3% for neurosurgical procedures, in contrast to 3% for all other specialties. Approximately half of the neurosurgery procedures were shunt related. The Pediatric NSQIP data again highlight the fact that pediatric neurosurgical procedures, especially those related to ventricular shunts, are under increasing scrutiny.
At-Risk Patient Groups Versus Preventability
Although there are continuous efforts from the neurosurgical community to decrease shunt malfunction and infection rates, technical failure alone cannot account for all early returns to the system by patients who have undergone shunt placement. Our own data demonstrated that less than half of all shunt patients returning to the ED within 30 days needed subsequent operative interventions. Reductions in inefficient and costly early returns to the hospital will require more than just technical improvements in the care of patients who receive shunts. Not surprisingly, when return to the ED was examined as a clinical event independent of subsequent surgical intervention, different sets of associative risk factors were identified than those noted with shunt failure. Proximity to the hospital and public assistance payee status correlated with a higher likelihood of return visits to the ED. Whereas proximity may represent a bias of the study related to data collection, public assistance payee status represents a surrogate of socioeconomic standing that has been verified in other studies. Education and income have been shown to correlate strongly with ED usage, regardless of the actual cost or availability of emergency services within the region. 15, 17 These variables represent socioeconomic modifiers that future efforts to reduce rebound to the ED in patients treated with shunts will have to consider, and they have already been identified as relevant for other disease entities as well. 11, 12 In certain institutions, patient literacy programs and early postoperative appointments have been implemented, with some success, to bridge the gap in education and social support suffered by these patients. Where they are used, these efforts have produced significant reductions in postoperative early returns to the ED. 4, 8, 9 Similar programs might be used for shunt-treated patients of comparable socioeconomic levels to improve their transition from hospitalization to home. However neurosurgeons and health care administrators choose to address this risk factor, our data indicate that ED use among shunt patients is likely to have a large socioeconomic component besides medical necessity, and unilateral efforts from physicians alone are not likely to have a significant impact.
With regard to modifiable variables that do lie almost entirely within the surgeon's control, numerous studies have attempted to identify areas for technical improvement in shunt surgeries. Regarding the mechanical function of shunts, young patient age and the cause of hydrocephalus were most consistently found to be significant prognostic factors, but they are not modifiable. Other clinical factors, such as the position of the ventricular catheter, the shunt valve design, surgeon case volume, and use of intraoperative navigation aids, were inconsistently found to be associated with shunt malfunctions. In this study, we documented the 30-day shunt revision rate to be 8.9%. This is consistent with past studies that suggested shunt malfunction generally decreases over time. 6, 16, 18 We found that after-hour surgery was a significant risk factor for reoperation within 30 days. This was significant even after adjusting for the presence of myelomeningocele and different types of shunts. After-hour surgery is likely to be associated with poor clinical status at presentation, but it could also be associated with a lower quality of care rendered in the operating room. Unfortunately, this study was not designed to differentiate these important variables. Regimentation among operative teams has certainly been shown to reduce the rate of postoperative complications, and biasing shunt surgeries toward periods when operative teams with the greatest familiarity with shunt surgery are available may lead to fewer early technical failures. Future studies will be needed to further establish this hypothesis.
Still, this paper provides the groundwork for future research into preventing early returns of shunt-treated patients to the health care system. We must stress that this is an associative study meant to identify potential modifiable variables related to early patient return. It was not designed to prove preventability. These data offer insights into systems flow aspects of neurosurgical shunt care (patient health care education and surgical timing) that relate to unintentional and costly returns to the system for patients treated with shunts.
Limitations of the Study
From the standpoint of studying shunt malfunction, additional clinical factors such as location of the shunt catheter, cause of hydrocephalus, number of previous revisions, use of intraoperative aids, types of valves, and others are obviously desirable. One may also question the quality of coding data in the administrative database. In this study, we avoided using more questionable elements, such as admission and discharge diagnosis, that were recorded in the International Classification of Diseases (ICD) format, but assumed others to be accurate. A prospective multicenter study with precise coding definitions will enable a more balanced view of the interactions between socioeconomic and clinical factors. Another limitation related to a single-institution study is the small number of treating physicians. There might be other practice patterns that are not used in this locality.
Conclusions
Of the readmissions within 30 days of shunt surgery, 74.5% were related to the index shunt surgery. The shunt revision rate in the 30-day period was 8.9%. When adjudicating whether these readmissions are preventable, one has to take basal shunt malfunction rates and the significance of other clinical events into consideration. Further study is needed to identify modifiable risk factors that may eventually improve patient care.
